C omplex human traits are likely to be affected by many environmental and genetic factors, and the interactions among them. However, previous gene-environment interaction (G × E) studies have typically focused on one or only a few genetic variants at a time. To provide a broader view of G × E, this study examines the relationship between 403 genetic variants from 39 genes and youth delinquency and violence. We find evidence that low social control is associated with greater genetic risk for delinquency and violence and high/moderate social control with smaller genetic risk for delinquency and violence. Our findings are consistent with prior G × E studies based on a small number of genetic variants, and more importantly, we show that these findings still hold when a large number of genetic variants are considered simultaneously. A key implication of these findings is that the expression of multiple genes related to delinquency depends on the social environment: gene expression is likely to be amplified in low-social-control environments but tends to be suppressed in high/moderate-socialcontrol environments. This study not only deepens our understanding of how the social environment shapes individual behavior, but also provides important conceptual and methodological insights for future G × E research on complex human traits.
Introduction
Previous studies have shown that gene-environment interplay contributes to a variety of behavioral and social outcomes (Boardman, Domingue, and Fletcher 2012; Caspi et al. 2002; Fowler, Settle, and Christakis 2011; Guo, Roettger, and Cai 2008; Pescosolido et al. 2008; Shanahan et al. 2008; Simons et al. 2011 ). Yet, these studies have typically focused on one or only a few genetic variants at a time. The aim of our research is to provide a more comprehensive view of the gene-environment interplay by incorporating dozens of genes identified in animal studies; particularly, to show how the social environment moderates genetic risk for youth delinquent and violent behaviors.
Traits determined by a single gene or allele are rare in human beings (Glazier, Nadeau, and Aitman 2002) . The vast majority of human diseases (e.g., cancer, heart disease, and diabetes) are complex traits affected by a large number of genes (Crabbe 2002; Plomin et al. 2001) . Likewise, almost all human traits of interest to social scientists are complex, such as personality, cognition, motivation, and health behaviors. These traits are likely the consequence of many genetic and environmental factors, as well as interactions among them (Hirschhorn and Daly 2005; Lander and Botstein 1986; Lander and Schork 1994) . Therefore, it is important to incorporate multi-genetic and multi-environmental factors in geneenvironment interaction (G × E) research on complex social outcomes.
In this study, we consider 403 genetic variants from 39 genes shown in animal studies to be related to aggression (Maxson 2009; Maxson and Canastar 2003; Miczek et al. 2001) . We assess the collective contribution of these genetic variants to youth delinquency and violence using a recently developed mixed linear model approach in genomics studies that simultaneously accounts for a large number of genetic variables in a single regression analysis (Yang, Lee, et al. 2011) . Moreover, we compare the collective genetic contribution to delinquency and violence between individuals exposed to environments with lower levels of social control and those who were exposed to environments with higher levels of social control (e.g., low parental attachment versus high/moderate parental attachment; loose school discipline versus strict/moderate school discipline; and disadvantaged neighborhoods versus non-disadvantaged neighborhoods). We find consistent evidence that genetic risk for adolescent delinquency and violence is largely context dependent: genetic risk is amplified among individuals under low-social-control (LSC) conditions, but suppressed among those under high/moderate-social-control (HMSC) conditions.
Conceptual Framework and Research Hypotheses

Gene-Environment Interaction for Delinquency
Genetic factors affect but do not determine human behavior, and their effect depends largely on the environment in which individuals live (Rutter, Moffitt, and Caspi 2006) . As animal and human studies show, changes in environmental conditions can influence expression of genes related to various phenotypes (Barr et al. 2004; Bennett et al. 2002; Chen et al. 2009; Cole et al. 2010; Newman et al. 2005; Tung et al. 2012) . With respect to delinquent and violent behaviors, the environmental triggering/suppressing perspective offers important contributions to our understanding of how the social environment moderates genetic influence. 1 There are two components to the environmental triggering/suppressing perspective. First, adverse environments are likely to "trigger" the expression of risk alleles (Shanahan and Hofer 2005) . This "triggering" mechanism is also referred to as the diathesis stress model (Ellis et al. 2011) . Central to this model is the coaction of the risk allele and the risk environment. For example, Caspi et al. (2002) identify an association between monoamine oxidase A (MAOA) genotypes and antisocial behaviors, but mainly among test subjects who experienced childhood maltreatment. Second, favorable environments may suppress the expression of risk alleles. Particularly, social norms and structural constraints can inhibit individuals' behavior and choices, thereby reducing genetic influence (Shanahan and Hofer 2005) . As shown by Pescosolido et al. (2008) , the association between gamma-aminobutyric acid receptor subunit alpha-2 (GABRA2) and alcoholism is reduced by family support. Similarly, the dopamine D2 receptor (DRD2) is found to contribute less to delinquency among male youths who had a closer relationship with their parents (Guo et al. 2008) .
Most of these studies focus on a single or only a few genetic variants at a time Caspi et al. 2002; Foley et al. 2004; Guo, Roettger, and Shih 2007; Kim-Cohen et al. 2006; Simons et al. 2011; Vanyukov et al. 2007 ). However, delinquent and violent behaviors are complex human traits that can be affected by a large number of genetic factors with small to moderate effects. 2 Therefore, it is crucial to investigate the collective contribution of multi-genetic factors to delinquency and violence.
How do we identify genes that potentially contribute to human delinquency and violence? Animal studies may shed some light on gene selection, insofar as the molecular functions of a large number of genes are conserved to a great extent across species (Robinson, Grozinger, and Whitfield 2005) . According to the Mouse Genome Sequencing Consortium, human and mouse genomes include similar numbers of genes. Approximately 99 percent of mouse genes have direct counterparts in humans (Gunter and Dhand 2002) . Because of the high degree of homology between human and mouse genes, gene selection in human studies could be motivated by findings from rodent studies (Case, Fertig, and Paxson 2005; Murphy et al. 2001; Shih and Thompson 1999) .
Heretofore, rodent studies have shown dozen of genes involved in mouse aggression. For instance, transgenic mice 3 overexpressing a mutant form of amyloid precursor protein (APP) or phenylethanolamine N-methyltransferase (PNMT) tend to display increased aggressive behavior (Moechars et al. 1998 ). Aggressive behavior is increased in β estrogen receptor knockout (ERKO) mice, 4 and greatly reduced in both α ERKO and αβ ERKO mice (Ogawa et al. 2000; Ogawa et al. 1997; Scordalakes and Rissman 2003) . Moreover, in a series of behavioral studies on aggression and mating behavior, male neuronal nitric oxide synthase (nNOS) knockout mice are shown to display a dramatic loss of behavioral inhibition characterized by persistent fighting and mounting behavior (Nelson et al. 1995) . Besides, there is evidence that nNOS is also associated with female mice's maternal aggression (Gammie and Nelson 1999; Gammie, Olaghere-da Silva, and Nelson 2000) . These findings could help us select genes for research in human delinquent and violent behaviors.
Social Moderators for Delinquency
In this paper, we focus on the interaction of delinquency-related genes and three important social institutions in childhood or adolescence: the family, the school, and the neighborhood. These social institutions not only contribute to inhibiting or reducing children's deviant acts, but also have a long-term impact on their development of characteristics relevant to future delinquency or crime (Gottfredson and Hirschi 1990; Hirschi 1969; Sampson and Laub 1993) . Of particular interest to us are the roles of these institutions in shaping individual propensity or self-control that can have persistent influence over the life course.
Parenting factors, such as parental attachment and supervision, are the most important source of self-control. According to Gottfredson and Hirschi (1990) , self-control is cultivated during early childhood through careful rearing and effective discipline, whereas low self-control is attributed mainly to ineffective parenting. That is, if the caregivers of a child neglect to monitor his/her behavior, or fail to recognize his/her deviant behaviors or punish such behaviors, as a consequence the child may lack the ability to delay gratification, be insensitive to others' needs and interests, as well as be unwilling to accept restrictions on his/her behavior, and become more likely to use forcible or violent means to achieve his/her ends. Cullen et al. (2008) summarize results from 13 empirical studies examining the relationship between self-control and various dimensions of parenting. Twelve of the 13 studies have provided evidence that less effective parenting is associated with weaker self-control.
School is another powerful social institution that helps adolescents develop self-control (Gottfredson and Hirschi 1990) . Because the school has a particular interest in maintaining a good educational environment, it is expected to recognize and prevent antisocial behavior and it has the authority and means to implement effective discipline. As Denise Gottfredson (2001) suggests, "schools have the potential to teach self-control and to engage informal social controls to hold youthful behavior in check. " Turner, Piquero, and Pratt (2005) show that the influence of school socialization on self-control is more effective for children of parents who failed in their task to teach self-control. Accordingly, school socialization may work to "pick up the slack" for inadequate parenting practices. This is consistent with the study of Meldrum (2008) , in which selfcontrol is found to be significantly predicted by school monitoring, even after controlling for familial factors.
In addition to family and school, neighborhood conditions are also critical for the development of self-control. Wikström and Sampson (2003) propose that individuals with weaker self-control are more likely to be found in disadvantaged neighborhoods with weak community capital and low collective efficacy (i.e., weak social cohesion among neighbors and their expectations to achieve common good), because these neighborhoods often lack resources and services, such as time, money, and knowledge, to support familial socialization practices. Empirical studies have offered mixed support for this position. Pratt, Turner, and Piquero (2004) provide evidence that self-control is predicted by neighborhood conditions. In a more recent study, Gibson et al. (2010) also find support for associations between neighborhood structural characteristics and self-control, but these associations became nonsignificant after taking into account individual-level characteristics.
In summary, prior studies have demonstrated associations among the social environment, delinquency, and self-control. Although they do not directly address genetic factors, these studies are consistent with the G × E interaction view that the social environment may moderate individual propensities that have a longterm influence on delinquency. From the environmental triggering/suppressing perspective, we hypothesize that genetic risk for delinquency and violence is greater among young adults who were weakly attached to parents and schools, loosely disciplined by parents or school authorities, or lived in disadvantaged neighborhoods than those who were closely/moderately attached to their parents and schools, strictly/moderately disciplined by parents or school authorities, or lived in non-disadvantaged neighborhoods. Our study extends previous G × E research by incorporating a larger number of genetic variants selected from animal studies. Using 403 genetic variants from 39 genes shown by transgenic and knockout studies to be related to aggression in mice, we examine the genetic variants' collective contribution to youth delinquency and violent behaviors.
Data and Measurement
Data
Data for this study come from the National Longitudinal Study of Adolescent Health (Add Health). Add Health is a longitudinal survey of US adolescents in grades 7 through 12 from 1994 to 1995 N = 90, 118; Wave I, N = 20, 745) . The Add Health cohort was followed up in 1996 (Wave II, N = 14,738) and again from to 2002 (Harris et al. 2003) . Based on responses to the in-school survey, twin, full, half, and stepsiblings were oversampled for inhome interviews, resulting in 5,740 individuals. At Wave III, twins and full siblings (N = 2,600) were asked to provide buccal cells for genotyping (Harris et al. 2013) . Our genotyping was supported by a major National Science Foundation (NSF) grant. We targeted 1,536 single-nucleotide polymorphisms (i.e., genetic variants that occur when a single nucleotide [e.g., A, T, C, or G] in the genome is altered) in an Illumina 1536-SNP array; the 1,536 SNPs included 186 ancestral informative markers and genetic markers in 57 candidate genes associated with aggressive behavior in mice (Maxson 2009 ). In the standard quality control, we excluded individuals with 10 percent or more missing genotype data and SNPs with a call rate of less than 99 percent or a minor allele frequency smaller than 0.01. The quality control yielded 403 SNPs from 39 autosomal genes (see table  A1 for more details about the 39 genes, table A2 for rs ids of the 403 SNPs, and figure A1 for SNP correlations) for 2,262 individuals from 1,425 families. Because our analytic model requires genetically unrelated individuals to obtain unbiased results, we randomly selected one individual from each family, thereby reducing the effective sample size to the number of families.
Variable Measurement
Outcome variables: Serious delinquency and violence scores Our outcome variables are based on 12 items from Add Health questionnaires at Wave III: (1) deliberately damaged others' property; (2) so badly hurt someone that medical treatment was needed; (3) used a weapon to get something from someone; (4) took part in group fights; (5) carried a weapon; (6) pulled a knife or gun on someone; (7) shot or stabbed someone; (8) took part in fights in which self was injured; (9) stole something worth more than $50; (10) broke into a house or building to steal; (11) sold drugs; and (12) stole something worth less than $50 (Cronbach's alpha = .68). To be consistent with the delinquency literature (Hagan and Foster 2003; Hannon 2003) , we divided the 12 questions into violent and nonviolent categories. The serious delinquency score is a summed index of all 12 items that ranges from 0 to 36, with higher scores indicating greater delinquency. The violence score is a summed index based upon the first eight items. 5 We chose outcomes from a single wave because our analytic model does not allow repeated measures. Also, we used outcomes measured at Wave III and social-environmental measures from Wave I to minimize reverse causality.
Socio-environmental variables: Parenting factors To simplify the G × E analysis, we constructed each social-environmental variable as a dichotomous variable. We assessed parental attachment using two Wave I questions asking how close a respondent felt to his or her mother and father and a question concerning the respondent's feelings about how his or her parents cared about him or her (alpha = .62). If the average of a respondent's answers to three questions was greater than or equal to the first sample tertile (i.e., 1/3 cutoff), for him or her, parental attachment was coded as 1, indicating high/moderate parental attachment, and 0 otherwise (indicating low parental attachment). Parental supervision was constructed based on seven Wave I questions asking the respondent if his or her parents allowed him or her to make their decisions about the following: the time they must be home on weekend nights; the people they hang around with; what they wear; how much television they watch; which television programs they watch; what time they go to bed on weeknights; and what they eat (alpha = .62). Parental supervision was coded as 1 if the average of a respondent's answers to seven questions was greater than or equal to the first sample tertile (indicating strict/moderate parental supervision), and 0 otherwise (indicating loose parental supervision).
School factors We used two Wave I measures to assess school factors: school attachment and school discipline. To measure school attachment, we averaged responses to three questions (alpha = .77) asking whether a respondent (rated on a scale of 1 to 5) felt close to people at school, felt like being part of the school, or felt happy at school, and to measure school discipline, we averaged school administrators' responses to 11 questions (alpha = .73) asking what happens in their schools to a student who is caught the second time fighting with another student, injuring another student, possessing alcohol, possessing an illegal drug, possessing a weapon, drinking alcohol at school, using an illegal drug at school, smoking at school, verbally abusing a teacher, physically injuring a teacher, and stealing school property (1 = no policy; 2 = verbal warning; 3 = minor action; 4 = in-school suspension; 5 = out-of-school suspension; 6 = expulsion). Like parental attachment and parental supervision, school attachment and school discipline were dichotomized on the basis of the first sample tertile (coded as 1 if the average of the items was equal to or greater than the first sample tertile, indicating high/moderate school attachment and strict/moderate school discipline, and 0 otherwise, indicating low school attachment or loose school discipline).
Neighborhood We assessed neighborhood environment using four Wave I block-level variables from the Add Health Public Contextual Database: proportion of aged 25+ individuals with college degree or more, proportion of households with income less than $15,000, unemployment rate, and proportion of own children under 18 years in families and subfamilies not living with both parents. Block is a geographic area defined by the US Bureau of the Census, which in 1990 averaged 452 housing units or 1,100 people (US Bureau of the Census 1993). It is the lowest level of geography in sample data published by the Census Bureau, and therefore captures the most localized available contextual characteristics of the areas in which individuals live (Billy et al. 1998) . We recoded each of the four variables into a 0-1 indicator. For example, the unemployment variable was coded as 1 if the unemployment rate of the block where the respondent lived was lower than or equal to the second sample tertile (indicating non-disadvantaged neighborhoods). 6 Control variables We controlled for bio-ancestry scores, gender, age, and age squared in all analyses of the collective genetic contribution to serious delinquency and violence. Bio-ancestry scores of Africans, Europeans, and East Asians were calculated based on 186 ancestral informative markers (AIMs) using the Structure procedure (Pritchard, Stephens, and Donnelly 2000) . For each individual, the three scores sum to 1. These AIMs was developed to detect and correct population stratification for genetic association studies (Enoch et al. 2006) . Moreover, associations between school or neighborhood factors and the outcomes might be confounded by family-level factors. For example, both living in a disadvantaged neighborhood and having higher levels of delinquency are possibly consequences of low family SES. Therefore, in G × E analyses involving school or neighborhood factors, we also controlled for family socioeconomic status and family structure. 7 Details of the variables are provided in table 1.
Analytical Strategy
At the first stage of our analysis, we employed a mixed linear model to estimate the collective genetic contribution of the 403 SNPs. The model was fit using the Genome-Wide Complex Trait Analysis (GCTA) software package, a tool based on the work of Yang, Lee, et al. (2011) to estimate the overall genetic variance for complex human traits.
The mixed linear model offers the substantial advantage of simultaneously accounting for a large number of genetic variants. It was developed to address the "missing heritability" issue in genome-wide association studies (GWAS) (Yang et al. 2010 ). For example, whereas 80 percent of variance in human height is believed to be heritable, SNPs discovered by GWAS together can explain less than 10 percent of observed height variation . In contrast to single-variant association analysis, where each SNP is tested against an adjusted p-value (e.g., 5 × 10 −8 or smaller), the mixed linear model approach treats all SNP effects as random effects. Using this approach, Yang, Hayes, et al. (2011) show that common SNPs collectively explain 41.9, 15.9, 25.4, and 16.8 percent of the total phenotypic variances in human height, body mass index (BMI), von Willebrand factor (vWF), and OT interval (QTi), whereas highly significant and well-replicated SNPs identified by GWAS merely account for 10, 1.5, 13, and 7 percent, respectively. This method has also been employed for common diseases , schizophrenia (Lee et al. 2012) , intelligence (Chabris et al. 2012; Davies et al. 2011) , personality traits (Vinkhuyzen et al. 2012) , subjective well-being (Rietveld et al. 2013) , and economic and political phenotypes ), but not yet for delinquency and violence. Our model is described by the following equation:
where Y is the outcome variable; β is a vector of fixed effects such as age, sex, and other controls; µ is a vector of SNP effects with µ i ~ N (0, σ 2 μ ), where i = 1,. . .,I, with I being the number of SNPs; ε is a vector of residual effects with ε j ~ N (0, σ 2 ε ), where j = 1,. . ., J, with J being the number of individuals; W is a standardized genotype matrix with the ij th element w ij = ( )
where s ij is the number of copies of the reference allele for the i th SNP of the j th individual 8 and p i is the frequency of the reference allele. Yang et al. (2010) innovatively applied a previous result that has been known in animal genetics (Goddard et al. 2009 ). The result defines g = Wµ, A = WW T /I, and σ 2 g = Iσ 2 μ . Then Equation 2 is mathematically equivalent to Equation 1:
where g is an n*1 vector of the total genetic effects of the individuals with g ~ N (0, Aσ 2 g ), A is the genetic relationship matrix (GRM) between individuals, and σ 2 g is the total genetic variance explained by the SNPs. Hence, σ 2 g can be estimated by the restricted maximum likelihood (REML) approach, depending on the GRM estimated from all SNPs. In this study, the collective genetic contribution is assessed using the proportion of total variance in the outcome explained by all SNPs, which can be expressed as σ 2 g /(σ 2 g + σ 2 ε ). As noted earlier, the mixed linear model requires genetically unrelated individuals. Due to common environmental effects, including individuals from the same families could have resulted in a biased estimate of the genetic variance (Yang, Lee, et al. 2011) . Because of this, we randomly selected one individual from each family to form a subsample. Using the subsample, we applied the mixed linear model to estimate the collective genetic contribution after controlling for potential confounding factors such as age, sex, bio-ancestry scores, and so forth. However, either member of siblings in a family was equally likely to be included in the subsample. To avoid arbitrariness, we repeated the steps 500 times (estimated the collective genetic contribution using each of the 500 subsamples) and averaged the results.
Next, we performed two types of hypothesis testing to test whether genes interact with social environments influencing youth delinquent and violent behavior. 9 In the first type of hypothesis testing, we compared the collective genetic contribution to delinquency and violence between individuals under LSC conditions and those under HMSC conditions. We split the whole sample into two strata on the basis of each constructed dichotomous socio-environmental variable (e.g., one stratum includes only individuals under LSC conditions and the other includes those under HMSC conditions). 10 Within each stratum we selected 500 subsamples, and for each of these we applied the mixed linear model to estimate the collective genetic contribution. For each stratum, results of 500 replications provided an empirical distribution of the collective genetic contribution. We then compared the empirical distributions between two strata. Second, we assessed individual SNP effects using the best linear unbiased predictors (BLUPs) estimated by the mixed linear model, 11 and employed the F test to compare the distribution of individual SNP effects under LSC and HMSC conditions. Table 2 displays the estimates of the collective genetic contribution to serious delinquency and violence. As can be seen, estimates of the total variance in serious delinquency attributable to the 403 SNPs are nonsignificant at the .05 level. In the face of G × E, we might expect greater genetic risk for individuals exposed to LSC environments, and weaker risk for those who were exposed to HMSC environments in the sample. Next, we tested whether the collective genetic contribution to serious delinquency and violence differs under LSC and HMSC conditions. Table 3 shows the results of comparing the collective genetic contribution of the 403 SNPs to serious delinquency and violence under differential conditions. Columns 1 and 3 contain estimates of the collective genetic contribution to serious delinquency under HMSC and LSC conditions, and columns 5 and 7 contain estimates for violence. Each number in the four columns is an average of 500 results. In table 3, most estimates of the collective genetic contribution under LSC conditions are greater than those under HMSC conditions (with exceptions of neighborhood education and single/no-parent households for violence). For example, the proportion of total variance in the serious delinquency score explained by the 403 SNPs is estimated to be 3.1 percent for adolescents poorly attached to school, but the proportion drops to 0 percent for those who were closely/moderately attached to school.
Results
Genetic Contribution
Genetic Contribution under Differential Conditions
Individual SNP Effects under Differential Conditions
As mentioned earlier, the mixed linear model also provides estimates of individual SNP effects. Figure 1 plots the distributions of individual SNP effects on serious delinquency under differential conditions. As it shows, the spread of the SNP effects under most LSC conditions appears to be greater than HMSC conditions, suggesting a greater proportion of SNPs with a relatively large effect under LSC conditions than HMSC conditions. For example, for individuals poorly attached to school at Wave I, approximately 7 percent of the 403 SNPs Note: The collective genetic contribution is estimated by mixed linear models. Models are fit using the genome-wide complex trait analysis (GCTA) software package developed by Yang et al. (2010) . *** p ≤ .001 * p ≤ .05 (two-tailed tests) have an effect size greater than 0.01 on serious delinquency, 12 while for those who were highly/moderately attached to school, none of the SNPs fall into that range. We used the F test to compare distributions of the individual SNP effects under LSC and HMSC conditions. As shown by table 4, results are significant at (1) Individual SNP effects are plotted along the horizontal axis and the effects' density along the vertical axis. (2) All densities follow a normal distribution with a mean of 0 (the density for high/moderate school attachment does not appear normal due to its small variance). (3) A greater spread of the distribution suggests a larger proportion of SNPs with relatively large effects on serious delinquency. Above figures show there are more SNPs with relatively large effects under most low-social-control conditions (solid lines) than high/moderate-social-control conditions (dashed lines). For example, for individuals poorly attached to school at Wave I, approximately 7 percent of the 403 SNPs have an effect size greater than 0.01 on serious delinquency at Wave III (the area under the curve and not between the vertical lines), whereas for those who were highly/moderately attached to school, none of the SNPs fall into that area.
Neighborhood Education
the .05 level for most socio-environmental variables (exceptions are neighborhood education and single/no-parent households).
To summarize, there is evidence that genetic risk for delinquency and violence is greater for adolescents who were weakly attached to parents and school, loosely disciplined by parents or school authorities, or lived in neighborhoods with lower income levels and higher unemployment rates, as opposed to those who were closely attached to their parents and school, strictly disciplined by parents or school authorities, or lived in neighborhoods with higher income levels and lower unemployment rates.
Assessing Effects of Population Stratification and Gene-Environment Correlation
While our analysis shows significant interactions of aggression-related genetic variants and socio-environmental variables, the story is, in fact, more complicated. The results could be driven by population stratification or gene-environment correlation (rGE). In mixed linear models, GRM values are usually higher for pairs from similar racial groups than for those from different racial groups. Because of that, genetic contribution estimates might be confounded by population stratification. We compared model results with and without controlling for bio-ancestry scores. The effect size of the genetic contribution shrinks around 20 percent after including the bio-ancestry scores in the model. This suggests that the bio-ancestry scores are effective in adjusting for population stratification. Moreover, we fit the Note: The F ratio is the ratio of the variance of individual SNP effects under low-social-control conditions (solid lines in figure 1 ) to the variance of individual SNP effects under high/moderate-social-control conditions (dashed lines in figure 1 ). *** p ≤ .001 (F test) models to individuals from the same racial groups in the sample. The major findings remain in spite of reduced statistical power. rGE occurs when one's exposure to an environment depends upon his or her genotype. The existence of rGE may confound the G × E effects Jaffee and Price 2007; Wagner et al. 2013) . To detect rGE, we applied the mixed linear model to examine the association between the 403 SNPs and each of the eight socio-environmental responses. Table 5 shows all the socio-environmental variables that cannot be significantly predicted by the 403 SNPs, indicating an absent or weak correlation between the socio-environmental variables and SNPs included in this study.
Discussion and Conclusions
In this paper, we hypothesize that high social control suppresses genetic risk for youth delinquency and violence, and low social control exacerbates genetic risk. We examine the influences of crucial social institutions in childhood or adolescence, such as the family, the school, and the neighborhood, on the collective genetic contribution of more than 400 SNPs. Consistent with the environmental triggering/suppressing perspective, we find that favorable social conditions are associated with smaller collective genetic contribution, whereas adverse social conditions are associated with greater collective genetic contribution to adolescent delinquency and violence.
This study makes several important contributions to the G × E literature. First, we consider 403 SNPs from 39 aggression-related genes identified in animal transgenic and knockout studies. This is a crucial improvement over previous research, which normally studies one genetic factor or only a few at a time. Delinquent and violent behaviors are complex human traits, meaning they could be affected by a large number of genetic and environmental factors. It is likely that the effects of many genetic variants are too small to be detected by testing each one individually for an association with the phenotype. However, these variants, collectively, could make a substantial contribution. Second, we find that genetic risk of the 403 SNPs is smaller under favorable conditions than adverse conditions. These findings are consistent with results in previous G × E research based on one or a few genetic variants (Caspi et al. 2002; Guo, Roettger, and Cai 2008; Pescosolido et al. 2008) . What is more, our findings highlight the influence of social control on genetic risk of many variants at the same time. These findings illuminate one mechanism through which social control affects delinquency and violence: it is possible that the presence of social control simultaneously prevents the expression of a large number of genetic variants associated with aggression and violence. In an environment under high social control, such as high family attachment, there may be adolescents varying in their genetic propensities for delinquent behaviors; some may possess risk alleles related to delinquency. Yet, the expression of risk alleles is prevented due to strong social control. When the control is weakened, for example when parents pay less attention, the adolescent with high genetic propensities for delinquency, relative to one with low genetic propensities, may be more apt to show gene expression.
Our third contribution is methodological. We test G × E involving a large number of genetic variants. Our method is an extension of the recent mixed linear model approach (Yang, Lee, et al. 2011 ). Compared to conventional linear regression models, the key advantage of the mixed linear model is its ability to simultaneously account for a large number of genetic variants. To illustrate, in conventional linear models, one socio-environmental factor and the 403 SNPs would generate 403 two-way interaction terms in total. Analyses dependent on such models typically do not have sufficient statistical power to produce significant results. However, in the mixed linear model, being treated as random effects, the 403 SNPs could be considered simultaneously. That allows us to estimate and compare the collective genetic contribution of the 403 SNPs under differential social conditions.
Although this study provides important insights in understanding how the social environment moderates genetic influence on delinquency and violence, some limitations should be noted. Our 403 SNPs are selected based on mouse models. In animal studies, experimental techniques such as transgenic and knockout techniques are used to determine the function of a gene. Animal studies involve various experimental controls, including specific measurements of outcomes (e.g., duration and intensity of aggression), assessments of time between stimuli and outcomes, and specific environments in which the experiments take place. In contrast, human outcome measures are typically self-reported, and tend to lack specificity (e.g., when, where, how, and so forth). These differences in scientific methods may result in barriers to apply findings from animal models to humans. Moreover, the mixed linear model approach does not allow genetically related individuals and repeated measures, leading to a reduction of the effective sample size. Also, because of the relatively small sample size, we have to dichotomize the social-environmental variables (if there were more categories, the G × E analysis would require a much larger sample to have sufficient statistical power), which might result in some loss of information. With more samples, future research might replicate the analyses in this study using more refined socio-environmental measures.
Despite these limitations, our study makes important contributions to the social sciences. It underscores the significance of the dialogue between the biological and social sciences. Social scientists traditionally have assumed homogeneous human nature at birth and focused on social structural influences on individuals. However, there is growing evidence that the social environment modifies gene expression (Morgan et al. 2002; Norman et al. 2012) , and genetic variability, in turn, affects individuals' responses to the environment (Freese 2008) . Increasingly available molecular genetic data in large-scale data sets (e.g., Add Health, the Fragile Families Study, and the Health and Retirement Study) enable social scientists to investigate how socio-environmental factors shape human behavior through moderating genetic effects. The conceptual framework and methodology in this study can be expanded to study other behavioral and social consequences of the complex interplay of multi-genetic and multi-environmental factors.
Notes
1. There is also a growing differential susceptibility perspective. Accordingly, individuals who are sensitive to adverse environments also tend to be susceptible to favorable environments. This implies that those who benefit the most from advantaged social conditions may be the same as those who suffer most in adverse social environments. As demonstrated by Simons et al. (2011) , when exposed to adverse social environments with low social control, children with both s-allele 5-HTTLRP and l-allele DRD 4, relative to those with other genotypes, show higher levels of violence-related characteristics such as "aggression, anger, hostile view of relationships, and concern with toughness." Yet, the same children tend to have fewer such characteristics than others when exposed to low adversity and high social control. 2. Many other complex human traits (e.g., most common diseases) have been shown to be determined by multi-environmental and multi-genetic factors, where individual genetic variants generally have a small effect (Hirschhorn and Daly 2005) . 3. The transgenic technique is used to determine the function of a gene by forcing the expression of a gene and examining the consequences. A famous example is the use of transgenic mice to identify Sry (termed SRY for humans), the sex-determining region Y (Koopman et al. 1991) . In the experiment, Sry gene sequences were microinjected into fertilized eggs. As a result, among the transgenic mice, two chromosomally female mice developed male phenotypes. 4. Gene knockout is used to determine the function of a gene by removing a gene and examining the consequences. 5. Both outcome variables are right-skewed. We conducted sensitivity analysis to examine whether the right-skewness affects the results. For example, we compared results based on transformed outcomes (e.g., log-transformed outcomes) and those based on original outcomes. Those results are consistent, indicating that our findings are robust to tests of distributional assumptions. Results are available from the authors upon request.
6. We conducted sensitivity analysis using dichotomized variables based on other cutoffs, such as the first quartile and the median. The main findings remain, suggesting that our findings are robust to different grouping strategies. 7. To test the robustness of the results, we fit the models in various ways, such as controlling for family socioeconomic status, family structure, and census region in all models and controlling for Wave I delinquency or violence in addition to other covariates. The major findings were very similar in all models. 8. Common SNPs typically have only two alleles. There are three possible combinations of two alleles in a population (e.g., CG, CC, and GG). Either of the two alleles can be chosen as the reference allele. For example, for an SNP that includes alleles "C" and "G," suppose we choose "G" as the reference allele. If the ith SNP of the jth individual is "CC," then s ij , the number of copies of the reference allele, equals 0, as there is no "G" in the combination "CC." Similarly, in cases of "CG" or "GC," s ij = 1, as there is one copy of "G" in either of the two combinations, and if "GG," s ij = 2, as there are two copies of "G.". 9. Yang et al. (2011a) already implemented a G × E interaction mixed linear model for GWAS data. The model is specified as Y = Xβ + g + ge + ε, with V = A g σ g 2 + A ge σ ge 2 + I ε σ ε 2 , where ge is an n*1 vector of the G × E effects for all of the individuals with A ge = A g for the pairs of individuals in the same environment and with A ge = 0 for the pairs of individuals in different environments. In addition to the genetic variance, this model estimates the variance explained by G × E. When statistically significant, this variance suggests that the SNPs of those in the same environment explains a higher portion of variance than those in different environments. However, this model cannot easily be used to test the hypothesis whether the proportion of the phenotypic variance explained by all SNPs and individual SNP effects differs between environmental conditions. We expand Yang et al.'s main effect mixed linear model to test such hypotheses. 10. Observations with missing values in the socio-environmental variables were excluded in G × E analyses. 11. As equations 1 and 2 (i.e., Y = Xβ + Wµ + ε and Y = Xβ + g + ε) are mathematically equivalent, the BLUP of µ can be transformed from the BLUP of g by μ = W T A −1 /I. 12. The effect could be in either a positive or negative direction. An effect size of 0.01 means that an increase of 1 risk allele is associated with 0.01-unit increases in the serious delinquency score.
